A detailed review on the design and realization of spectrophones exploiting custom quartz tuning forks (QTFs) aimed to applications of quartz-enhanced photoacoustic (QEPAS) trace-gas sensors is reported. A spectrophone consists of a custom QTF and a micro-resonator system based on a pair of tubes (dual-tube configuration) or a single-tube. The influence of the QTF and resonator tube geometry and sizes on the main spectrophone parameters determining the QEPAS performance, specifically the quality factor Q and the resonance frequency has been investigated. Results obtained previously are reviewed both when the QTF vibrates on the fundamental and the first overtone flexural modes. We also report new results obtained with a novel QTF design. Finally, we compare the QEPAS performance of all the different spectrophone configurations reported in terms of signal-tonoise ratio and provide relevant and useful conclusions from this analysis.
Introduction
Tuning forks have been traditionally used to tune musical instruments for adjusting the pitch of one or many tones of musical instruments. Starting at the end of the 1960s, tuning forks made of quartz (QTFs) served as the timekeeping element in modern clocks and smartphones. For timing applications, the QTF is made to vibrate by a small oscillating voltage applied to metal electrodes deposited on the surface of the quartz crystal, via an electronic oscillator circuit. The main features of the QTFs are: (i) resonance frequencies typically in the kHz-MHz range, depending on the prong dimensions and quartz crystal properties; (ii) a high frequency stability of the QTF resonances with frequency shifts of 0.04 ppm/ T 2 over a wide temperature range, from -40 to 90 °C [1] ; (iii) a high quality factor of few tens of thousands in air and (iv) insensitive to magnetic fields. QTFs also have a low cost and small size and thus enabling mass-production.
In 2002, standard 32.7 kHz-QTFs designed for timing applications have been implemented for the first time in a photoacoustic gas sensing system to transduce an acoustic signal into an electrical signal via the piezoelectric properties of the quartz [2] . The photoacoustic effect is based on an optical absorption process. In case of gas detection, when light at a specific wavelength is absorbed by the gas sample, the excess energy is dissipated through emission of photons and by means of non-radiative phenomena. These latter processes produce localized heating in the gas and result in an increase in the pressure. By modulating the incident light intensity, a periodic pressure variation can be induced locally. These pressure waves, i.e. sound waves, are produced at the same frequency as the light modulation. In quartz-enhanced photoacoustic sensor (QEPAS) systems, QTFs are employed as sharply resonant acoustic transducers to detect the weak gas photoacoustic excitation [3] . A variety of packaged QTFs is commercially available [4] . Most of them, however, resonate at MHz frequencies and are therefore not appropriate to QEPAS because the energy transfer processes in gases occur on a μs time scale and the thermal waves cannot follow changes of the laserinduced excitation in the MHz range [5] . Until 2013, all QEPAS sensors reported in the literature made use of standard QTFs designed to vibrate at a resonance frequency of 32,768 Hz [6] . The two prongs of these QTFs are typically 3-mm-long, 0.35-mm wide, and 0.34 thick and are separated by a gap of 0.3 mm. The QTFs have a quality factor as high as 30 ,000 in air, increasing up to 100,000 in vacuum.
To increase the effective interaction length between the radiation-generated sound and the QTF, an acoustic resonator is usually employed. The acoustic system composed of a tuning fork and an acoustic resonator is referred to as a QEPAS spectrophone. The acoustic resonators used so far consisted of two metallic tubes aligned perpendicular to the QTF plane (dual-tube spectrophone) in an on-beam QEPAS configuration, or a single tube aligned parallel or in proximity to the QTF in the so-called off-beam QEPAS configuration [6] [7] [8] [9] . In an off-beam QEPAS configuration, the tube length is determined by the QTF resonance mode frequency, since the resonant acoustic pressure antinode must be located at the center of the tube. A small slit is opened in the middle of the tube, and the QTF is positioned near this aperture in order to sense the pressure waves coming out from the microresonator. Although the off-beam QEPAS configuration facilitates optical alignment, this approach does not achieve the same level of detection sensitivity of on-beam QEPAS system [6] . Therefore, we will focus on the on-beam QEPAS configuration in this review.
The design parameters of the two tubes composing an on-beam QEPAS system, namely the inner diameter (ID) and the outer diameter (OD) that maximize the QEPAS response were determined experimentally and occur in the range of 0.5-0.84 mm for the ID, of 0.8-1.2 mm for the OD, while the length of a single tube falls in the range of 3.9-5.1 mm [10, 11] .
One of the main issues in QEPAS-based sensor systems is the required precise focusing between the QTF prongs. The laser beam must not hit the prongs since otherwise a large undesirable non-zero background arises due to the photo-thermal contribution, which limits the sensor detection sensitivity [12, 13] . In 2013, a custom-made tuning fork was installed for the first time in a QEPAS sensor operated in the THz range employing a quantum cascade laser (QCL) [14, 15] . In this case, the use of a QTF with larger prongs spacing was mandatory in order to extend QEPAS operation into the THz range, since THz sources are characterized by a long wavelength (60-300 μm), low beam spatial qualities, and high divergence angles, making their focusing between the two prongs of a standard QTF, spaced by only 300 μm apart, without hitting the prongs difficult. Recently, several QTFs designs were realized, tested, and implemented in QEPAS spectrophones for gas sensing. For example, the use of QTF with prongs spacing ≥700 μm allowed extending QEPAS operation to powerful but with poor beam quality laser sources, such as near-IR fiber amplified lasers [16] . Furthermore, the use of QTFs with such large prongs spacing allowed the realization of a novel spectrophone configuration in which a single tube is inserted between the prongs of the QTF (single-tube spectrophone) [17, 18] .
In this work, we review the results obtained so far with QEPAS spectrophones operating with custom-made QTFs. A detailed study of spectrophone properties is described with the aim to relate the QTF main parameters, its resonance frequency, and quality factor to the spectrophone geometry and assembly. Different spectrophones configurations: from the standard dual-tube configuration to a novel single-tube structural design as well as QEPAS operation with fundamental and first overtone flexural mode were investigated. We also describe our results obtained using a QTF with a novel design, by coupling it with a dual-and single-tube configuration and testing both systems in the mid-infrared spectral range. Finally, we compare the QEPAS performance of all the investigated spectrophones in terms of QEPAS signal-to-noise ratio (SNR).
Custom-made tuning forks
To a first approximation, a tuning fork can be considered to be composed by two cantilevers bars (prongs) joined at a common base. The in-plane flexural modes of vibrations of the QTFs can be classified into two groups: symmetrical modes, in which the prongs moves along the same direction and anti-symmetrical modes, in which the two prongs oscillate along opposite directions [19] . The in-plane anti-symmetrical modes will be the predominant modes when a sound source is positioned between the prongs, forcing them to move in the opposite directions. In QEPAS sensors, the light source (typically a laser) is focused between the QTF prongs and the sound waves produced by the modulated absorption of the gas are located between the QTF prongs and force them to vibrate anti-symmetrically back and forth (in-plane anti-symmetrical mode). When these oscillations occur at one of the resonance frequencies of the QTF, the induced strain field generates surface electric charges due to the quartz piezoelectricity and the total charge is proportional to the intensity of the sound waves incident on the QTF prongs. The generated charges are collected using a transimpedance amplifier and the measured electrical signal is proportional to the concentration of the absorbing gas specie. The QEPAS technique is also characterized by a very large dynamic range from the parts-per-trillion (ppt) level to a few % concentration levels [6] .
The ability of the gas target to rapidly relax the excess energy absorbed from the incident radiation plays a crucial role in determining the QEPAS minimum detection limit (MDL). When the target gas absorbs the exciting laser light, the excess energy is mainly dissipated through non-radiative relaxation processes, involving vibrational and rotational excited states. The generation of a photoacoustic wave involves an energy transfer from the excited states to translational molecular degrees of freedom. The time constant τ for these processes typically falls in the microsecond range depending also on the specific gas carrier [20] . Ideally, the condition f << 1/2πτ should be satisfied, where f is the laser modulation frequency, which corresponds to one of the QTF resonances. Hence, the gas response to the modulation of the incident laser radiation is related to the ability of the gas to follow this fast modulation and differs for each gas. Water (H 2 O), propylene (C 3 H 6 ) and sulfur hexafluoride (SF 6 ) are fast-relaxing gases and are expected to show the best performance when detected using a QEPAS-based sensor system. These three gases were also used as relaxation promoters in order to enhance the energy relaxation processes in the gas mixture when slow relaxing gases (such as CO, CO 2 and NO) are detected [21] .
The record QEPAS sensitivity was obtained in the mid-IR (@ 10.54 μm) for SF 6 detection and corresponds to a minimum concentration level of 50 ppt in volume with a 1-s integration time [13, 22] . This minimum concentration level can be attributed to two critical features. First, the large measured QEPAS response due to the SF 6 fast-relaxing properties and its exceptionally large absorption crosssections in the mid-IR. Second, the very low signal noise, obtained by improving the spatial quality of the focused laser beam, which reduces the noise contribution due to radiation incident on the spectrophone. This result was accomplished by coupling the laser source to the QTF with a hollow core waveguide. The waveguide acts as a spatial modal filter leading to a single mode, Gaussian-like output [23] [24] [25] . The beam waist diameter at the focal plane where the QTF is located was ~ 160 μm, well below the gap between the QTF prongs (300 μm). As a result, 99.4% of the laser beam exiting from the fiber was transmitted through the spectrophone without hitting the QTF [22] .
These considerations determine the directions that should be followed for realizing novel QTFs optimized for QEPAS sensing applications. The quality factor (Q) must be kept as high as possible by: (i) a reduction of the QTF fundamental frequency down to a few KHz, in order to increase the QEPAS response in the slow-relaxing gases without adding any relaxation promoter; (ii) an increase in the prongs spacing in order to minimize the noise signal due to fraction of the optical power that may hit the internal surface of the micro-resonator tubes and of the QTF. In addition, lowering the fundamental resonance frequency reduces also the overtone frequencies, enabling their use for QEPAS based trace gas sensing. Large QTF prongs spacings allow the use of laser sources with low spatial beam quality, such as LEDs, VCSELs, fiber-amplified and terahertz QCLs [26] .
The first custom-made QTF was implemented in a QEPAS sensor employing a THz QCL for methanol detection [12, 13] . The QTF prongs were 20-mm long, 1.4-mm wide and 0.8 mm thick and separated by a gap of 1 mm. The fundamental mode falls at 4,246 Hz with a quality factor >30,000 at atmospheric pressure. The laser beam was focused between the prongs with a ~ 430 μm beam waist and allowed ~100% of laser light to pass through the QTF without hitting it. A MDL of 15 ppm with a 3 s of signal integration time was achieved. The same THz QEPAS platform was updated with a novel custom-made QTF [27, 28] . In the new design, the prongs spacing was decreased to 700 μm, large enough to allow >96% of the light intensity to pass through the gap spacing of the QTF prongs. Furthermore, the prong thickness was reduced to 1 mm and the prong length to 17 mm, thereby lowering the resonance frequency to 2,871 Hz, while the quality factor remained as high as 18,600 at 10 Torr. The MDL was improved by nearly a factor of 10 (1.7 ppm in 3 s integration time), while noise fluctuations (30 μV) remained similar to those recorded in the initial setup (25 μV), proving that the amount of laser light incident on the QTF prongs is negligible in both cases. These results confirm that the prongs spacing should be chosen based on the expected beam waist of the employed laser source, since this parameter plays a crucial role in the QTF acousto-electric transduction efficiency. The large divergence of the beam exiting from THz laser chips affects both the beam diameter and the numerical aperture and prevents the use of micro-resonator tubes for acoustic wave amplification.
A set of six QTFs with different values of spacing between the prongs, their length and thickness was designed in order to study the dependence of the QTF parameters on performance based on their relevant dimensions. In [29] we reported the results of this detailed analysis.
A QTF prong can be modeled as a single cantilever if the self-coupling is neglected. The resonance frequencies are determined by the elastic properties of the constituent material and the prongs sizes (see schematic in Figure 1 ) by the relation [30] :
where ρ is the density of the quartz, E is the Young modulus, T is the prong thickness, L is the prong length, and n is a mode number related to the harmonic mode (n = 1.194 for the fundamental mode and n = 2.998 for the first overtone mode).
The quality factor Q is sample dependent and is a measure of energy losses: higher Q-values indicate a lower rate of energy loss relative to the stored energy of the resonator. The Q-factor of a prong resonating in air can be correlated to two classes of loss mechanisms: extrinsic, due to the interaction with the air, and intrinsic, mainly related to damping by the prongs support structure (i.e. support losses) [31] . Hence, for a given resonance frequency, the overall quality factor of a QTF is obtained from the contributions coming from each individual loss mechanism. For the fundamental mode, the support losses can be neglected and the overall quality factor can be phenomenologically related to the prong sizes by [29] :
where w is the prong width. This relation suggests that the overall quality factor of the fundamental mode can be increased by reducing the prong length and increasing both thickness and crystal width. However, the resonance frequency f 0 is proportional to T/L 2 and therefore the non-radiative gas absorption relaxation rates should be not exceeded.
When the fundamental resonance frequency approaches a few kHz, the first overtone reaches a range accessible for QEPAS operations. The first overtone mode frequency is ~6.3 times higher than the fundamental one (see Equation (1)). For example, when the fundamental mode frequency is reduced to 3 kHz, the overtone mode is <20 kHz. The quality factor of an overtone mode is mainly dominated by the support losses that can be expressed by [32, 33] :
Thus, although these kind of losses increase with the mode number, it is still possible to obtain a larger Q-factor for the first overtone mode with respect to the fundamental one by increasing the L/T ratio. However, the prong thickness T cannot be too thin; otherwise, the extrinsic losses dominate thereby deteriorating the overall Q-factor [34] .
In Table 1 are listed the resonance frequencies for both the fundamental (f 1 ) and the overtone mode (f 2 ) and related Q-factors (Q 1 and Q 2 ) measured for a set of four QTFs. Table 1 . experimental physical parameters of four custom-made tuning forks: resonance frequency (f 1 ) and quality factor (Q 1 ) of the fundamental mode; resonance frequency (f 2 ) and quality factor (Q 2 ) of the first overtone mode; wT/L and L/T geometrical factors; the gas pressure at which these parameters were measured.
Sizes Despite that, QTF#3 exhibits the highest L/T value; its Q 2 -value is lower than those measured for QTF#1 and QTF#4. This observation can be attributed to the fact that QTF#3 has a small prong thickness (T = 0.5 mm), indicating that extrinsic losses can become significant. For the same reason, QTF#4 exhibits the highest Q 2 -value, since its prongs are 1.4mm wide and in this case, extrinsic losses could not play any role in determining the quality factor of the overtone resonance mode.
QTF#1, QTF#2 and QTF#3 have been implemented in QEPAS sensor systems employing as an excitation source a single-mode diode laser targeting a water absorption line at 7299.43 cm −1 , with a line-strength of 1.01 × 10 −20 cm/mol. For QTF#1 and QTF#3 higher quality factors were measured for the overtone mode, with respect to the fundamental mode [35] . Consequently, the QEPAS signal obtained operating in the first overtone mode is higher than that obtained using the fundamental mode for the QTF#1 (~ 5.3 times) and QTF#3 (~ 2.2 times), while for QTF#2 it is ~ 7.1 times lower. For comparison, we tested QTF#4 in a QEPAS sensor similar to that reported in [35] . The exciting source was a single-mode DFB QCL emitting at 7.71 μm. The laser beam was focused between the prongs of the QTF by means of a lens with a focal length of 50 mm. The QTF was placed in an enclosure filled with air samples containing a fixed concentration of 1.7% of water vapor at atmospheric pressure. The QCL current was adjusted to a laser emission wavenumber of 1296.49 cm −1 , resonant with a water line absorption having a line-strength of 1.70 × 10 −22 cm/mol [36] . For these conditions, the optical power focused between the two prongs was 108 mW. Wavelength modulation technique and 2f detection were implemented by adding a sinusoidal dither to the laser current at an half of the selected QTF resonance frequency and demodulating the signal to the QTF resonance frequency [37] . QEPAS spectra were obtained by adding a voltage ramp to the laser current in order to scan the laser wavelength across the H 2 O absorption peak. The optimum laser focusing position along the QTF symmetry axis was investigated by measuring the correlated QEPAS peak signals. Figure 2 depicts the results obtained when QTF#4 operated at the first overtone mode. We found that the scan was characterized by two peak values close to the antinode points of the vibration mode profile, corresponding to the maximum vibration amplitude [33, 35] . The highest QEPAS peak signal was reached by positioning the laser beam focal spot close to the second antinode, 12 mm from the top of the prongs.
For the fundamental mode, we found that the QEPAS signal is maximized when the laser beam is focused 1.3 mm from the top of the QTF. The QEPAS spectral scans obtained for the fundamental and overtone modes are shown in Figure 3 .
The two QEPAS spectra show the same noise level (~13 μV), while the peak value measured for the first overtone mode is ~ 3.1 times higher than that obtained using the fundamental one. This result confirms that the mode showing the higher Q-factor gives also the higher QEPAS signal.
QEPAS spectrophone with dual micro-resonator tubes
The QTF is coupled with a pair of micro-resonator tubes acting as amplifiers for the sound wave. The QTF is typically positioned between the tubes to probe the acoustic vibration excited in the absorbing gas contained inside the tubes as shown in Figure 4 . The impact of the spectrophone design parameters on QEPAS performance was investigated in different experimental studies [10, 11] . The geometrical parameters influencing the sensor performance are the internal diameter and the length of the two tubes together with the spacing between the tube and the surface of the QTF.
The length of two tubes is correlated with the sound wavelength, given by λ = v/f, where v is the speed of the sound (343 m/s in air). For f = 32,786, λ is 10.5 mm. If we assume that the left and right tubes can be considered as a single tube neglecting the gap, each tube should be cut to a λ/4 length (l = 2.63 mm) to form a half-wave resonator. Instead, if the gap between the tubes is big enough to make them almost independent, the tube length should be λ/2 (l = 5.25 mm). Experimental studies showed that l = 4.4 mm (internal diameter of 0.6 mm and external one of 0.9 mm) yields the highest SNR (∼2,700), which is ∼30 times higher than that of a bare QTF at atmospheric pressure [10] . Thus, the optimal tube length falls between λ/4 and λ/2, because of the interaction of two resonator tubes and their acoustic coupling with the QTF. This observation is supported by a decrease in the Q-factor from ∼14,000 (bare QTF) to 3,400. The Q-factor provides also a measure of the acoustic coupling between the QTF and tubes, since a high-Q QTF loses energy primarily via coupling to the low-Q tubes [38] . The QEPAS SNR is dependent from the tube length l and variations as small as 0.6 mm reduce this ratio to ∼1,900 [10] .
The choice of the optimal ID can be related to the QTF prongs spacing. When the tube diameter is larger than the prongs spacing, the gap between two tubes becomes less important and the tubes are acoustically coupled with the QTF. With an internal diameter of 0.84 mm (~3 times the prongs spacing) the optical length is 3.9 mm (S/N ratio of ∼2,400), closer to a λ/4 length with respect to the case with l = 4.4 mm, confirming the above assumption. Consequently, a large decrease in the Q-factor was also observed (from ∼3400 to ∼1,700). When the tube diameter becomes comparable with the prongs spacing, the acoustic coupling is reduced note: Two resonator tubes are aligned perpendicular to the QTF plane to probe the acoustic vibration excited in the gas contained inside the two tubes. and the SNR decreases. For an ID = 0.41 mm, the smallest ID tested, the Q-factor increased up to ~7,500 and the SNR was reduced to ~2,400.
The gaps size between the QTF and the tubes is a difficult parameter to control during the spectrophone assembly and it has a significant effect on its final performance. With a large gap, the diverging flow from the two tubes ends cannot efficiently push against the QTF prong. Therefore, the gap should not be wider than 50 μm, when the gap is reduced from 50 to 25 μm, the SNR increases by 13% [10] .
The first implementation of micro-resonator tubes with a custom-made QTF was reported in [16] . The tuning fork employed had the same design of QTF#2 with a prongs spacing of 0.8 mm, characterized by a fundamental resonance frequency of 7,205 Hz and a quality factor of 8,530 at atmospheric pressure. The used pair of tubes has ID of 1.3 mm. The gap between the QTF and the tubes was fixed to 30 μm. Five different lengths ranging from 8.4 to 23 mm (half of the sound wavelength) were tested. Longer tubes were not tested due to the difficulty in laser beam alignment and focalization between the QTF prongs. An erbium-doped fiber amplified laser with an output power of 1500 mW was employed as the available excitation source. A CO 2 absorption feature located at 6,325.14 cm −1 with a line intensity of 1.155 × 10 −23 cm −1 /mol was selected as the optimum target line. These studies revealed that for tube length of l = 23 mm the SNR was improved by a factor of ~ 40 compared to that measured for the bare QTF. With this spectrophone configuration, the reported Q-factor decreased to ~ 6,300, ~ 26% with respect to the bare QTF. The study in [16] lacks an investigation into different internal diameters. In addition, the influence of the spacing between the prongs and the QTF on the SNR was not studied.
A more comprehensive study of the impact of the tubes geometry on the QEPAS sensor performance will be described in this work by employing QTF#4 operating in the 1st overtone mode. First, we investigated how the distance between the tubes and the QTF affects the SNR and the Q-factor. In Figure 5 , we depict the SNR and Q-factor values measured as a function of the distance between the QTF and the tubes, ranging between 20 and 770 μm. Data were obtained using a pair of tubes whose ID and length were 1.52 and 6.1 mm, respectively.
The distance maximizing the SNR (~1090) is 140 μm and corresponds to a Q-factor of ~27,100. The Q-factor approaches asymptotically the bare QTF value (28, 900) when the distance between the tubes and the QTF becomes larger than 500 μm and rapidly decreases when this distance is reduced, confirming that the shorter the QTF-tube distance the higher is the acoustical coupling between them. When the distance is shorter than 140 μm, the SNR decreases because of damping effects generated by the proximity of the tube end to the surface of the QTF. Subsequently, we implemented tubes with three different IDs: 1.27, 1.52, and 1.75 mm. For each ID, a set of tubes with different length, varying from 4.8 to 7 mm was tested. In all cases, both tubes were positioned 140 μm distant from the QTF based on previous results. In Figure, 6we show the observed data.
The highest SNR (~1,600, Q-factor ~25,000) was obtained using two tubes with an ID of 1.52 mm and a length of 5.3 mm. This optimal length falls between λ/2 = 6.76 mm and λ/4 = 3.38 mm. There is an optimal length maximizing the SNR for each ID: for the largest ID (1.75 mm) the optimal length is 5 mm, closer to λ/4 confirming that the prongs spacing can be neglected and the two tubes are close to form an half-wave resonator. For an ID = 1.27 mm, the optimal length is 6 mm, which is closer to λ/2 = 6.76 mm. This behavior is similar to that observed for the standard 32.7 kHz-QTF [10] . In Table 2 , we summarized the optimum design parameters of a dual-tube spectrophone based on standard 32.7 kHz-QTF, QTF#2 and QTF#4. We also included the calculated normalized noise equivalent absorption value for each QTF.
QEPAS spectrophone with a single-tube
Due to the large prongs spacing of custom QTFs, it was possible to position a single tube between the prongs of the QTF and thereby avoiding to cut the tube into two pieces, as shown in Figure 7 (a). In this case, the behavior of a single-tube in the QEPAS spectrophone is that of an ideal one-dimensional acoustic resonator. The waist of the tube thickness was polished in order to reduce OD when it is larger than the prongs spacing (see Figure 7 (c)). A pair of slits was opened on each side of the tube waist, as highlighted in Figure 7(b) and (d) , symmetrically in the middle of the tube, where the acoustic pressure antinode is located. The sound wave exiting from two slits impacts on the internal surface of two prongs and excites in-plane anti-symmetrical vibrational modes. This QEPAS configuration is named Single-tube On-beam QEPAS (SO-QEPAS).
SO-QEPAS was reported for the first time in [17] , employing the QTF#2 design. Three micro-resonator sets characterized by different internal diameters (0.55, 0.65, and 0.75 mm) and with different lengths, ranging from 47 (~ λ) to 25 mm (~ λ/2) have been tested. In all cases, the length of the slit is almost half of the Table 2 . Best geometry parameters of dual-tube spectrophones realized for three different QTFs: the prongs spacing, the internal diameter of the tube (id), the sound half wavelength (λ/2), the tube length (l), the enhancement of the QePAs snR with respect to the case of a bare QTF and the calculated normalized noise equivalent absorption (nneA). OD and its width is ~ 90 μm, since larger slits disperse the acoustic energy, while smaller sizes limit the acoustic energy escaping from the slits in the micro-resonator tubes. The maximum signal amplitude for ID = 0.55, 0.65, and 0.75 mm was obtained for tube 36, 39 , and 38 mm long, respectively. These values were larger than the half-wavelength of the acoustic wave, indicating that the first harmonic acoustic standing waves in the resonator were partially distorted by the two resonator slits, causing a diverging flow from the tube toward the internal surface of the QTF. In contrast to the case of dual-tube, the optimal tube length only slightly changes with the internal diameter, thus confirming that a single-tube can be approximated by a 1D acoustic resonator [39] . The SO-QEPAS configuration with an ID = 0.65 mm and l = 38 mm results in a maximum SNR, 128 times higher than of the bare QTF#2, with a quality factor of ~6,700, ~20% lower than that of the bare QTF#2. The SO-QEPAS configuration was also employed with QTF#1 operating in the first overtone flexural mode at ~17.7 kHz [18] . The tube length was reduced due to the high overtone resonance frequency. This approach resulted in a more compact spectrophone, facilitating the laser beam alignment through the QTF and the micro-resonator tube. The tube has an internal diameter of 0.62 mm and the maximum SNR (~2300) was obtained for an optimal length of 14.5 mm, resulting ~ 50 times larger than that measured using the bare QTF operating in the 1st overtone resonance mode. The slit width and length were ~ 90 and ~ 200 μm, respectively.
We implemented the SO-QEPAS configuration for QTF#4 operating at its 1st overtone mode. In order to find the optimum ID maximizing the SNR, we used a set of 4 tubes having l = 10.8 mm and different internal diameters. The main design parameters of the realized tubes are listed in Table 3 :
The SO-QEPAS SNR as a function of the tube ID is shown in Figure 8 :
The largest SNR was obtained with Tube#3 having ID = 0.88 mm. Hence, we investigated the QEPAS performance at different lengths using Tube#3 (all other parameters are identical to those reported in Table 3 ). The results are reported in Figure 9 .
The highest SNR (~2,060) was obtained with a tube having ID = 0.88 m and l = 11 mm. For these measurements, we used a slit width of ~100 μm, similar to that reported in [17] and [18] . Since the prongs width for QTF#4 is 800 μm, considerably wider than that of QTF#1 and QTF#2 (250 μm), we tested slit widths larger than 100 μm. With a slit width of 250 μm, we obtained a SNR of ~3,700, ~ 34 times larger than that measured using the bare QTF#4 operating in the 1st overtone resonance mode and a quality factor of ~26,000, only 10% lower than that of the bare QTF#4. The SNR decreases to ~2,300 (Q-factor = 17,700) when the slit width is enlarged up to 370 μm.
In Table 4 , the optimum design parameters for the SO-QEPAS configuration, using QTF#1, QTF#2, and QTF#4 are summarized. The advantages of SO-QEPAS configuration with respect to dual-tube QEPAS are: (i) a more compact QEPAS spectrophone (for QTF#2 the spectrophone length is reduced from 46 to 38 mm), providing easier optical alignment; (ii) a higher spectrophone Q-factor; (iii) a larger SNR (for QTF#2 the SNR measured with SO-QEPAS is 3.2 times higher than that measured with the best operating conditions for dual-tube QEPAS); (iv) an optimal length of the tube not depending on the ID.
As guidelines for future designs of SO-QEPAS configurations with novel designs of custom-made tuning forks, the main design parameters of the single tube with the geometrical parameters of the tuning fork were compared. In particular, we related the ID of the tube with the QTF prongs spacing, the tube length with the sound wavelength and the slit width with the prong width. These ratios are summarized in Table 5 for QTF#1, QTF#2, and QTF#4. Although QTF designs are substantially different, each of the three ratios falls in a small range. This range of values can be used as a starting point to design the optimal SO-QEPAS configuration when employing new QTF designs, thus avoiding extensive tube geometry investigations.
Conclusions
This work was focused on recent advances in the development of QEPAS spectrophones with custom QTFs for QEPAS trace-gas sensor systems. We investigated how the QTF and micro-resonator dimensions and geometry influence the Q-factors and the resonance frequencies of the QEPAS spectrophone. In order to maximize the QEPAS sensor response, the QTF resonance was reduced to a few Table 5 . Ratios between the tube id and QTF prongs spacing, the tube length (l) and the sound wavelength (λ), and between the slit width and the QTF prong width (w) for the investigated single-tube QePAs spectrophones. . Optimum geometry parameters of the single-tube spectrophone for three different QTFs: the prongs spacing, the internal diameter of the tube (id), the sound wavelength (λ), the tube length (l), the QTF prong width, the slit width, the enhancement of the QePAs snR with respect to a bare QTF and the calculated normalized noise equivalent absorption (nneA). kHz to permit the thermal waves to follow changes of the laser-induced excitation. A decreasing of the fundamental resonance frequency allows the use of the 1st overtone resonance for QEPAS sensing. Since fundamental and 1st overtone modes resonances undergo different losses mechanisms, it is possible to design QTFs providing higher Q-factor for the 1st overtone mode with respect to the fundamental mode and vice versa. Furthermore, the prongs spacing was increased with respect to the standard 32.7 kHz-QTF in order to reduce the noise due to the laser light hitting the internal surface of the micro-resonator tubes and the QTF. Two different QEPAS spectrophone configurations were analyzed and discussed: a dual-tube spectrophone, with two tubes aligned on both sides of the QTF, and a single-tube spectrophone, with one tube inserted between the prongs of the QTF. The optimal results were obtained using a single-tube configuration, which allows improving the signal-to-noise ratio up to two orders of magnitude with respect to a bare QTF. Furthermore, this approach reduces the spectrophone size compared to a traditional dual-tube spectrophone configuration, thereby facilitating laser beam alignment. When operating with the 1st overtone QTF resonance, further improvements in the detection sensitivity can be expected by designing and implementing an octupole gold pattern configuration in order to increase the charge collection efficiency [40] . Finally, inserting a QEPAS spectrophone within a high-finesse power build-up cavity can further increase the effective optical pathlength and correspondingly the ultimate QEPAS detection sensitivity [41, 42] .
